Objectives: 1) To review the radiologic and audiologic data of 656 children with sensorineural hearing impairment who underwent 3-dimensional magnetic resonance imaging (MRI) in our cochlear implant (CI) center to understand the incidence of cochlear nerve deficiency (CND); and 2) to compare postimplant auditory and speech intelligibility outcomes in implantees with cochlear nerve (CN) aplasia, CN hypoplasia, and normal CN. Study Design: A retrospective cohort study. Setting: A tertiary medical center. Patients: A total of 656 patients (aged 0Y18 yr; mean, 4.5 T 4.3 yr) who underwent MRI in our center during May 2000 to December 2012. Main Outcome Measures: The radiologic/audiologic data were reviewed. The postimplant outcomes of 13 implantees with CND (7 aplasia and 6 hypoplasia) were compared with 50 non-CND implantees using the Categories of Auditory Performance (CAP) and the Speech Intelligibility Rating (SIR) scales.
Cochlear nerve deficiency (CND) has a decisive effect on the outcome of cochlear implantation (CI) received by patients with severe-to-profound sensorineural hearing loss (SNHL). High-resolution computed tomography (HRCT) and 3-dimensional magnetic resonance imaging (3D MRI) are 2 imaging methods commonly used to diagnose deficient cochlear nerves (CNs).
Some studies have suggested that an HRCT finding of a narrower internal auditory canal (IAC) or bony cochlear nerve canal (BCNC) may be indicative of an abnormal CN (1, 2) . However, deficient CNs may also be found in normal IAC/BCNC (Table 1 ) (3Y10). These studies brought forward the issue that diagnosis of CND based on the size of IAC/BCNC may be unreliable because as many as 75% of the CND patients may be overlooked. Many studies (11Y13) thus suggested using 3D MRI as the major imaging tool because it can show the diameters of the CN within the IAC clearly, enabling the determination of whether the CN is deficient (i.e., absent or small).
Several studies have reported on outcomes of CI in the ears with CND (Table 2 ) (5,13Y20). The majority showed unfavorable CI outcomes, particularly in patients with bilateral CN aplasia. Postoperatively, the majority of the subjects in these studies showed improved awareness of sounds only, and they failed to develop sufficient speech perception/production. Only 6 cases in 3 studies (5, 13, 15) showed open-set speech perception to some degree. Although the presence of CND does not necessarily rule out the possible benefits of CI, the decision to implant in this patient group should be undertaken with caution because the effectiveness may be limited and the cost-benefit uncertain.
Hence, this study aimed 1) to review the radiologic and audiologic data of 656 children who underwent 3D MRI in our CI center to understand the incidence of CND and 2) to report on the auditory performance and speech production intelligibility outcomes of the patients with CND who received CIs in the ear.
MATERIALS AND METHODS

Participants
The present study retrospectively reviewed a total of 656 patients who received 3D MRI examinations in our CI center during the period from May 2000 to December 2012. They were aged between 0 and 18 years (mean, 4.5 T 4.3 yr) at the time they underwent MRI ( Table 3 ). All of the subjects received hearing tests, which included behavioral observational audiometry, visual reinforcement audiometry, play audiometry, pure tone audiometry, auditory brain stem responses, steady-state evoked potentials, and otoacoustic emission depending on their age and compliance. The study protocol was approved by the institutional review board, Chang-Gung Memorial Hospital, Taoyuan, Taiwan.
Imaging Acquisition
MRI examinations were performed on two 1.5-T scanners using a pediatric vestibulocochlear nerve protocol, which included axial unenhanced spin-echo (SE) T1-weighted imaging, axial and coronal T2-weighted imaging and high-resolution 3-dimensional Fourier transformation-constructive interference in steady-state (3DFT-CISS) imaging through the temporal bones, together with axial fluidattenuated inversion recovery imaging of the entire brain.
Parameters for the 3DFT-CISS sequence varied with MR scanner (TR/TE/NEX, 5.42Y12.25 ms/2.42Y5.9 ms/1Y2; FA, 50-Y80-; FOV, 120Y160 mm; matrix size, 512), and the length of the near-isotropic voxel was 0.5 mm. Postimaging reconstruction procedures included multiplanar reconstruction procedures (MPRs) and maximum intensity procedures (MIPs). MPR was used to reconstruct oblique coronal and oblique sagittal CISS images perpendicular to the course of the IAC, producing cross-sectional images that enabled individual identification of the facial nerve, cochlear nerve, superior vestibular, and inferior vestibular nerves. MIP was performed to obtain a 3D view of the labyrinth. The cochlear nerve was traced interactively on oblique sagittal CISS images with cross reference to axial and oblique coronal CISS images using a picture archiving and communications system workstation.
Image Analysis and Data Collection
A certified neuroradiologist with 20 years of experience reviewed the MRI images at a PACS station and was blinded to the side of the hearing-impaired ear. The neuroradiologist indicated the presence of cochlear nerve deficiency, cochlear and vestibular/ semicircular canal (SCC) anomalies, endolymphatic duct enlargement, IAC stenosis, and central brain lesions. The images were also reviewed by an otologist who had more than 10 years of experience in CI. If the neuroradiologist and the otologist provided differing judgments on the images, the two discussed their findings to reach an agreement.
Cochlear nerve deficiency refers to cochlear nerve aplasia and cochlear nerve hypoplasia. The cochlear nerve was deemed hypoplastic if its caliber was smaller in diameter than the caliber of the adjacent facial nerve within the IAC when viewed in the reconstructed oblique sagittal CISS images. If the cochlear nerve was not visible on any plane of the MR images, it was considered aplastic. Cochlear anomalies included Michel deformity, common cavity deformity, cochlear aplasia, cochlear hypoplasia, incomplete partition Types I and II (21) . Cases with any morphologic malformation of the vestibule/SCC were defined as vestibular/SCC anomaly. An IAC identified as stenotic showed a narrowest dimension on axial or parasagittal oblique images of less than 3 mm (22, 23) . A midpoint diameter of an endolymphatic duct greater than 1.5 mm was considered dilatation (1, 24) .
Evaluation of Postoperative CI Outcomes
CI recipients' auditory performances and speech production intelligibility were assessed using 2 nonlinear hierarchical scales, the Categories of Auditory Performance (CAP) and the Speech Intelligibility Rating (SIR) scales, which were both developed by the Nottingham group. The categorizing criteria are described in Table 4 . Their reliability has been proven (25Y27). The assessments were conducted by 2 speech therapists in the subjects' home or school before implantation and at 3 years after implantation. 
Statistical Analyses
Statistical analyses were performed using SPSS software (version 17.0; SPSS; SPSS, Inc., Chicago, IL, USA). Descriptive statistical analyses were used for data on the ears with CND, inner ear anomalies, and central nerve lesions. Frequency measurements were used to calculate categorical data. The MannYWhitney U test was used to compare between groups. The Kruskal-Wallis test was used to compare test results among those who had CN aplasia and CN hypoplasia and those without CND; p G 0.05 was considered significant. For post hoc MannYWhitney U tests, significance was achieved when p G >/3 = 0.017.
RESULTS
Cochlear Nerve Deficiency and Inner Ear Anomalies
Of the 656 patients who underwent MRI, 274 (41.8%) were found to show anomalies related to cochlea, cochlear nerve, vestibule/SCC, IAC, endolymphatic duct, and central brain lesion (Tables 3 and 5) on MRI, and 588 (89.6%) showed unilateral/bilateral severe-toprofound hearing loss (Table 3) .
On MRI, poor visualization of CN was noted in 156 patients (Table 6) . Of these patients, 17 (10.9%) showed unilaterally or bilaterally imperceptible CN because of difficulty in differentiating various nerves within marked stenotic IACs (observed in 110 of the 656 patients; Table 5 ). These 17 patients were excluded from analysis of CND.
After this exclusion, 139 patients (21.2% of the 656 cases) were noted to have absent or small CN (Table 3) , of whom, 127 showed unilateral/bilateral severe-to-profound hearing loss (21.6% of the 588 cases with severe-to-profound hearing loss). Of the patients with CND, 37 (26.3%) had been premature, 19 (13.7%) had been born after a difficult labor, 50 (35.8%) had hyperbilirubinemia at birth, and 48 had other systemic abnormalities, such as heart disease, Poor visualization of the cochlear nerve was noted in 156 cases. However, there were 17 cases in whom the CN condition was undefined because of the difficulty in differentiating various nerves within stenotic internal auditory canals. These cases were excluded from the CND analysis. (Table 6 ). However, more than one fifth of the ears with CN aplasia could hear sounds softer than 90 dB HL ( Table 7 ). As Table 3 shows, 144 (72.7%) of the 198 ears with CND were noted to have concurrent inner ear anomalies. The most common concurrent anomalies were IAC stenosis (51.0%; Table 5 ). Fifty-four ears (27.3%) showed isolated CND; no concurrent inner ear anomalies were observed in these ears. Ninety-seven ears (49.0%) with CND were noted to be within normal-sized IAC. Sixteen patients showed bilateral CN aplasia within normal IACs, 7 of whom did not show any concurrent inner ear anomalies.
Outcomes of Cochlear Implantation
Nineteen children (13.7%) with CND received CIs, and 15 of these patients were implanted in the ear with CND (Table 8 ). All 15 patients showed bilateral profound SNHL. Nine patients with aplastic CN were implanted in the ear. However, 2 obtained a preimplant CAP score of 6 and a SIR score 4 or greater (Patients 8 and 9 in Table 8 ). These patients were exceptional and were thus excluded from the statistical analyses. The other patients formed the ''aplasia group'' (n = 7; Patients 1Y7 in Table 8 ). Six patients with hypoplastic CN received CIs in the ear (the ''hypoplasia group;'' Patients 10Y15 in Table 8 ). Fifty patients with CIs but without CND in either ear were chosen from the 656 subjects to act as controls (the ''non-CND group''). Their sex, age at implantation, duration of implant use, and hearing thresholds were matched with the 13 CI patients with CND.
All of the patients in the aplasia group obtained a preimplant CAP score of 1 or higher and a SIR score of 1. Postoperative follow-ups showed that their CAP scores were all lower than 5, and 6 (85.7%) patients had a SIR score lower than 3 after 3 years of implant use (Table 8) . Of the 6 patients in the hypoplasia group, preoperatively, all obtained a CAP score lower than 3 and a SIR score lower than 2. After 3 years of implant use, 5 (83.3%) had a CAP score of 5 or higher and a SIR score of 3 or higher.
The 13 CI patients with CND had a significantly worse CAP (p = 0.004) and SIR (p = 0.015) score than the 50 patients in the non-CND group after 3 years of implant use, whereas their preimplant CAP and SIR were not significantly different. Furthermore, using a KruskalWallis test, we observed a significant difference between the aplasia group, the hypoplasia group, and the non-CND group in their preimplant SIR (p = 0.023), postimplant CAP (p = 0.001), and postimplant SIR (p = 0.002); however, no significant difference was observed in their preimplant CAP outcomes. Post hoc testing revealed that the aplasia group had significantly worse postimplant CAP (p = 0.002) and SIR (p = 0.009) than the non-CND group. The aplasia group also had significantly lower SIR than the hypoplasia group preoperatively (p = 0.004) and postoperatively (p = 0.008). No significant difference was noted between the hypoplasia group and the non-CND group (p 9 0.017).
DISCUSSION
This study shows that 21% of the 588 severe-toprofound SNHL patients who were candidates for CI showed CND upon MRI. Bilateral CN aplasia occurred in 4% of patients with severe-to-profound deafness and in one-fifth of the patients with CND. Two recent studies reported a higher incidence of bilateral CN aplasia in CND cases, from 28% (10) to 40% (7); these differences are likely due to their smaller sample sizes. Among our 25 cases with bilateral CN aplasia and severe-to-profound SNHL, a total of 9 patients received CIs. After excluding 2 cases (Patients 8 and 9 in Table 8 ) with exceptionally good preimplant CAP and SIR, none of the remaining 7 cases developed favorable CI outcomes and showed CAP scores lower than 5 and SIR scores lower than 3 after 3 years of use. These scores were significantly worse than those with CN hypoplasia or without CND who were implanted in the ear. This result is consistent with many past studies (5, 18, 20) , which indicates very limited speech perception in this patient group after implantation and suggests that patients with bilateral CN aplasia may be unsuitable candidates for cochlear implantation.
Nevertheless, one-fifth of the ears with CN aplasia can hear sounds softer than 90 dB HL (Table 7) , and as shown here and in some previous publications (13, 14, 18) , cases with bilateral CN aplasia are still capable of having some level of speech development (Patients 8 and 9; Table 8 ). These data imply that a small number of CN fibers may be present and travel with the facial or vestibular nerves, despite the absence of a CN on MRI (18, 28) . Moreover, the plasticity of the auditory cortex in young children may enable the stimulation of a limited number of CN fibers to induce some hearing (29) . Previous studies identify that some CND patients (9%Y28%) are on the spectrum of auditory neuropathy disorders (30Y32), and one of the characteristics of patients with auditory neuropathy disorder is that their hearing thresholds for pure-tone detection can be wide ranging from normal to profound levels (33) . The possibility that patients with CND can still have hair cells might explain some degree of sound perception as well as test results in some of our cases that are compatible with auditory neuropathy (i.e., presence of otoacoustic emissions with complete dyssynchrony on auditory brainstem response). In situations where radiologic and audiologic findings are incompatible, repeated MRI examinations or other modalities, such as HRCT, electrophysiologic tests (e.g., evoked compound action potential, middle latency response and cortical auditory evoked potential), functional tests (e.g., functional MRI), and long-term observation of speech development may help clinicians make decisions, select side, counsel prognosis, or advise on other communication modalities (e.g., sign language). Several recent studies have analyzed the impact of cortical auditory evoked potential (CAEP) in predicting the outcome of CI in patients with cochlear nerve deficiency. (34, 35) . Reportedly, children with CND and absent CAEP responses fail to acquire open-set speech perception skills after receiving CIs (35) .
In contrast, CI outcomes in patients with CN hypoplasia demonstrate the possible benefits of CIs. Our results show that postimplant outcomes after 3 years of use are not significantly different from those recipients without CND. Several past studies (e.g., 13,14,18) also proposed that CND was not necessarily a contraindication to cochlear implantation because speech perception was observed in some patients after implantation. As Table 2 shows, 4 studies (excluding this report) separately discussed CI outcomes in cases with CN aplasia and CN hypoplasia. Two (14, 18) indicated that all CN hypoplasia cases showed discrimination of phonemes, and Young et al. (13) and Walton et al. (5) reported that some patients with small CNs showed open-set speech perception. Only a limited number of patients with CN aplasia were defined as having favorable CI outcomes by the authors in these studies. Although these studies did not provide any statistical data on the differences in outcomes due to CN aplasia and hypoplasia, a greater proportion of patients with small CNs were considered to have improved speech perception when compared with those with an absent CN ( Table 2 ). These postoperative findings suggest that the diagnosis of CND and the type of CND is crucial for clinicians to know before making decisions on CI candidacy. Furthermore, among the 588 patients, we noted 7 cases with unilateral CN aplasia (i.e., absent CN in one ear and normal CN in the other) and 3 cases with CN aplasia in 1 ear and CN hypoplasia in the other (Table 6 ). In these cases and using the images provided by 3D MRI, the ear with small or normal CN may be chosen for implantation to ensure better CI outcomes. Thus, the possible risk of ineffective cochlear implantation could be avoided in these cases with CN aplasia. Taking our Patient 10 (Table 8) as an example, she developed favorable outcomes after receiving a CI in the ear with a small CN instead of in the audiologically worsehearing ear with an absent CN.
It is noteworthy that the diagnosis of CND based on the size of IAC or other inner ear anomalies by HRCT may be unreliable because our 3D MRI data indicated that almost half of the CND subjects showed a normal-sized IAC, and more than one-fifth showed an isolated CND without other inner ear anomalies. MRI is thus suggested by this study and many others (3, 6, 10, 11) to be used as the primary modality for examining CN conditions preoperatively. Nevertheless, limitations remain with MRI because it is difficult to differentiate the CN from the various nerves in small IACs with the imaging resolution provided by current MRI imaging techniques. This issue was also raised by Adunka et al. (3) , who reported that 5 ears (13.2%) of their 19 CND patients showed indeterminate CNs because of small IACs. The proportion is slightly higher than the data provided in our study where 17 cases (10.9% of the 156 patients with poor visualization of the CN) showed an imperceptible CN because of the similar difficulties. However, our data imply that the condition of the CN may be well delineated preoperatively by MRI in most patients with CND. Although clear diagnostic imaging of the CN is not possible on MRI in indeterminate cases, MRI results may nevertheless alert clinicians to the possibility of CND in these patients and prompt further audiologic assessments or long-term follow-ups on speech development.
With the popularization of newborn hearing screening, early diagnosis of SNHL is possible. This screening enables clinicians to perform 3D MRI examinations and other electrophysiologic tests earlier in these patients. Indeed, 360 (54.9%) of the 656 subjects in this study received MRI examinations before the age of 3 years, and 72 (20.0%) of these children were observed to show CND upon MRI. This screening process enables close follow-up of children with CND to better evaluate the potential effectiveness of hearing aids or CIs and to determine the most suitable treatment plan as early as possible. Thus, the optimal time frame for learning language, whether oral or sign language, is not missed.
CONCLUSION
In this study, the condition of the CN in the majority of patients can be well delineated preoperatively using MRI. The outcome of cochlear implantation in patients with CN aplasia seems to be poor, whereas those with CIs in the ears with CN hypoplasia are more likely to develop favorable results. However, modalities other than MRI, such as HRCT, electrophysiologic tests, functional tests, and longterm follow-up of speech development, are required when clinicians evaluate CI candidacy and counsel prognosis for this patient group.
